Live-cell imaging techniques are now routinely used to study filamentous fungi. This has been very much facilitated by the development of a wide range of novel microscope technologies, new fluorescent probes (vital dyes and fluorescent proteins), and major advances in computing hardware and software. Here we show what can be achieved with imaging living cells of Aspergillus fumigatus and A. nidulans in vitro using confocal laser scanning microscopy. Basic techniques for successful live-cell imaging are described, and results are shown from imaging the dynamics of the growing colony margin, nuclear division, mitochondria, endoplasmic reticulum, Golgi and asexual structures. Other live-cell imaging studies that have been performed on Aspergillus are also summarized.
Introduction
Live-cell imaging of filamentous fungi has recently come of age and is now routinely performed in many laboratories around the world. The main reasons for this are threefold:
1. A range of new microscopic technologies have become widely available in the last 20 years, including low-light imaging using cooled CCD cameras [1] , confocal laser scanning microscopy (CLSM) [2Á5] , spinning disc confocal microscopy [6Á8], deconvolution microscopy [9] , total internal reflectance microscopy (TIRFM) [5] , fluorescence lifetime imaging microscopy (FLIM) [10] , fluorescence resonance energy transfer (FRET) imaging [10] , and fluorescence recovery after photobleaching (FRAP) [11] . Of these, CLSM is generally regarded as the most important development in light microscopy in the 20th century.
2. An extremely wide range of fluorescent probes have been developed for labelling different cell components and physiological activities within living cells. These include vital fluorescent dyes [3] and recombinant fluorescent probes of which the green fluorescent protein (GFP) and its derivatives have been most important [12] . Fluorescent proteins have also been modified in various ways for a range of different applications. These include using photoactivatable GFP for tracking molecular movement [13] , and using split fluorescent proteins in the bifluorescence complementation (BiFC) technique for imaging protein-protein interactions [14] . 3. The rapid advances in the development of powerful computer hardware and software. Virtually all live-cell imaging these days is digital. Live-cell microscopy can generate vast quantities of data, particularly during time-lapse imaging. Handling, processing and analysing these large amounts of data have been greatly facilitated by developments in computing technologies. 
Basic techniques for successful confocal live-cell imaging
CLSM is a technique which can produce optical sections free of out-of-focus blur, with high contrast, and with high spatial resolution. Capturing confocal images at different image planes (i.e., x, y and z) can allow fully in-focus projections through a living sample to be obtained (Fig. 1) , and these can be imaged in 3 dimensions (3-D) using appropriate imaging software [3] . This form of 3-D imaging is most commonly performed with fixed material [51] . However, for livecell imaging the type of 3-D imaging that is most common is where the third dimension is time (i.e., x, y and t) (Figs. 2, 4Á6 and 9; movies at www.fungalcell.org/movies). 4-D imaging is also possible (i.e., x, y, z and t) with CLSM, but is not often performed because of the problems of excessive phototoxicity and photobleaching [3] . Spinning disc confocal microscopy or deconvolution microscopy are more suitable optical sectioning methods for 4-D imaging of this type than is CLSM [9] .
For imaging filamentous fungi in vitro, one commonly grows the fungus on agar medium, and images it on the medium surface. We developed the 'inverted agar method' [3] for time lapse imaging of growing fungal hyphae (Fig. 3) because it: (a) is simple, (b) keeps the fungal hyphae in the same image plane sandwiched between the agar surface and the coverslip, (c) causes little damage or disturbance to the hyphae, (d) reduces desiccation of the hyphae, and (e) brings the hyphae close to the coverslip thus minimizing problems of spherical aberration. The inverted agar method involves growing the fungal mycelium on an agar medium surface within a Petri Dish, cutting out a wedge of agar at the colony margin, inverting it and gently placing it onto a droplet of liquid medium (containing dye where appropriate) on the surface of a coverslip. This effectively creates a 'sandwich' where the bottom layer is glass, the middle is mycelium/liquid medium and the top is agar. Using the inverted agar technique we are routinely able to image growing hyphae over periods of up to 1 h or more without them experiencing obvious deleterious effects (e.g., as a result of anoxia).
Successful live-cell imaging with CLSM and other microscopic techniques generally involves 'lose-dose imaging'. Thus dye concentrations are kept as low as Abbreviations: BiFC, bifluorescence complementation; CFP, cyan fluorescent protein; CLSM, confocal laser scanning microscopy; CMAC, 7-amino-4-chloromethylcoumarin; DM, deconvolution microscopy; GFP, green fluorescent protein; PA-GFP, photoactivatable GFP; RFP, red fluorescent protein; SDCM, spinning disc confocal microscopy; WFI, widefield fluorescence imaging; YFP, yellow fluorescent protein.
possible to minimize problems of cytoxicity and phototoxicity, and exposure to the laser beam is minimized to reduce problems of phototoxicity and photobleaching. To obtain optimal conditions for live-cell imaging generally involves far more compromises than are required to image fixed material. A detailed description of these compromises is given in Hickey et al. [3] .
Examples of imaging living cells of Aspergillus in vitro
The growing colony margin
The membrane-selective dyes, FM4-64 and FM1-43, label the plasma membrane and most internal membranes within hyphae, with the notable exception of the nuclear envelope. These dyes are internalized by endocytosis and become distributed to most organelle membranes via the vesicle trafficking network. The plasma membrane stains up very strongly with both dyes. Because septa have plasma membrane on either side of them, they tend to stain up very prominently. A major advantage of FM-dyes is that they only fluoresce significantly when inserted in the hydrophobic membrane environment, and thus does not have to be washed out of the surrounding growth medium prior to imaging [3, 46] . In previous studies on Neurospora crassa, we found that septa at the growing colony margin formed in orderly succession with the newest septa forming closest to extending hyphal tips [3] . It was therefore surprising when we examined the growing colony margin of A. fumigatus in the same way and found that the order of septum formation followed a completely different pattern; the sequence of septum formation was much more random (Fig. 4) , and often adjacent septa formed nearly at the same time. The mechanism by which the spatial regulation of septum formation at the colony margin is regulated is not understood.
We have also found that growing septa can be labelled with the BIMG protein phosphatase 1 labelled with GFP (Fig. 6A) . However, once the septa fully formed the BIMG-GFP fluorescence disappears [38] . BIMG has previously been shown to be involved in regulating the cell cycle and hyphal growth [38] . 
Nuclei
Aspergillus nidulans expressing GFP targeted to a GAL4 DNA binding domain has proved to be an excellent system in which to label nuclei and follow nuclear division in fungal hyphae [31] (Figs 2 & 5) . Time lapse of imaging often revealed a wave of nuclear division within single hyphae followed by a period in which the daughter nuclei moved away from each other (Fig. 5) . Waves of nuclear division were observed moving in either direction or bi-directionally from a given point in a hypha. Waves of division often propagated for long distances along hyphae ( ! 500 mm), and in sub-apical regions could be followed over the course of several minutes (Fig. 2 & 5) . The speed at which the waves of nuclear division travelled varied between 11 and 25 mm min (1 (n06). It is not known what regulates these waves in nuclear division but one possibility is that this involves calcium signalling because waves in cytosolic free calcium ([Ca 2' ] c ) that have important morphogenetic effects have been reported to move at velocities of 12Á24 mm per min in different cell types [52] . Furthermore, Ca 2' signals have been shown to play important roles in regulating the cell cycle (see [53] and references cited therein). However, the waves of nuclear division in A. nidulans contrast with the asynchronous nuclear division that occurs in other filamentous fungi such as Neurospora crassa [2] . The significance of this is unknown.
Nuclei have also been labelled with GFP fused to the BIMG type 1 protein phosphatase (PP1) in Aspergillus nidulans [38] . Here the BIMG-GFP was found to be localized throughout nuclei and to be concentrated in the spindle pole bodies (SPBs) (Fig. 6A,B) . BIMG-GFP fluorescence almost disappeared in the SPBs during their duplication suggesting a change in the phosphorylated state of proteins associated with them. BIMG-GFP was also associated with the plasma membrane within the apical dome of growing hyphal tips (Fig. 6A) , with emerging branches (Fig. 6B) , and with developing septa as indicated above (Fig. 6A) [38] .
Mitochondria
In apical hyphal compartments, mitochondria are typically tubular organelles, resembling bacteria, and are responsible for ATP production within hyphae [54] . A comparison of mitochondria in growing hyphal tips of A. nidulans labelled with five different mitochondrion-selective probes is shown in Fig. 7 . Plasma membrane staining was also evident after staining with three of these probes (Rhodamine-123, DASPMI and FM1-43). Mitochondrial fluorescence after GFP labelling was uniform throughout individual hyphae (Fig. 7A) , and no GFP fluorescence in the plasma membrane was observed. The mitochondria in hyphal tips stained with the Rhodamine-123, on the other hand, exhibited brighter fluorescence towards hyphal tips (Fig. 8) . Although a greater concentration of mitochondria contributed to this increased fluorescence to some extent, most of the increased fluorescence resulted from the individual mitochondria fluorescing more brightly. Rhodamine-123 is a potentiometric dye, Fig. 6 Aspergillus nidulans expressing GFP fused to BIMG PP1 phosphatase [38] . (A) GFP localization in nuclei, spindle pole bodies, in a developing septum (arrows) and the plasma membrane in the apical domes of two growing hyphal tips. (B) GFP-BIMG localized in nuclei, and concentrated in spindle pole bodies, and also localized at the plasma membrane at the tip of an emerging branch (arrow). Bar 010 mm. (See 'movie06' at: www.fungalcell.org/aspergillus/). the fluorescence of which is directly dependent on the electrochemical gradient across the mitochondrial membrane (the greater the membrane potential, the greater the fluorescence). The results shown in Fig. 8 and reported previously [3, 55] suggest that the mitochondria in growing hyphal tips are most active. This is probably due to the need for the high levels of ATP required to maintain tip growth.
The division (binary fission) of a single mitochondrion is shown in Fig. 9 . Initially, a narrowing region was observed in the middle region of the mitochondrion, and within 10 s, the mitochondrion split into two daughter mitochondria that rapidly moved apart.
Vacuoles
The vacuolar system in filamentous fungi has roles in numerous processes, including osmoregulation, storage of polyphosphates and amino acids, removal of toxic compounds, and solute transport along hyphae [56, 57] . We imaged the vacuolar network in hyphae of A. nidulans either by expressing GFP fused to the CPYA vacuolar protein [48] or by staining with the vacuolar selective dye Oregon Green 488 carboxylic acid diacetate (carboxy DFFDA) [3] . In general, carboxy DFFDA was found to stain the vacuolar system more brightly than CPYA-GFP but it was more susceptible to photobleaching, and more phototoxic. Confocal microscopy revealed a gradient in different vacuolar morphologies back from the hyphal tip, although considerable morphological variation was observed from hypha to hypha. The results obtained with CPYA-GFP labelling were similar except where indicated below.
Confocal microscopy of hyphal regions 0Á50 mm from their tips revealed mobile spherical/near-spherical fluorescent structures of varying shape from 1Á3 mm in size (Fig. 10A,B,E) . A range from 50Á200 mm from hyphal tips, tubular vacuoles and small spherical/nearspherical vacuole compartments were observed (Fig.  10A,C,F) . In subapical regions, !200 mm from hyphal tips, mostly large spherical/ovoid vacuolar compartments were found (Fig. 10A,D,G) . In the cpyA::gfp expressing hyphae (but not those stained with carboxy DFFDA), the fluorescence of the tubular vacuolar compartments was brighter than that of the spherical/ ovoid vacuolar compartments ( Fig. 10 A,C,D,F,G) . Ohneda et al. [48] have provided strong evidence that the pH of the larger spherical/ovoid vacuoles is lower than in the other vacuolar compartments and this causes the GFP fluorescence to be quenched. Often different vacuolar compartments split apart and fused with each other. Time-lapse sequences, revealed the highly mobile behaviour of the vacuoles and their dynamic pleiomorphic nature.
Endoplasmic reticulum
The endoplasmic reticulum (ER) serves many functions in fungal cells including protein synthesis, sequestration of calcium, production of steroids, and intracellular transport of chemicals. The ER was imaged in A. nidulans expressing ER targeted GFP [31] . Fluorescence was observed throughout hyphae and was brighter towards growing hyphal tips (Fig. 11A ). An extensive, reticulate network was present throughout the cytoplasm and it surrounded nuclei (Fig. 11B) . Brightly stained regions were also frequently observed (Fig. 11B) , and possibly represented over expressed GFP sequestered in the ER or other organelles. Hyphal tips became narrow after prolonged laser irradiation, indicating phototoxic effects, possibly resulting from the overexpression of GFP.
Golgi
The Golgi are involved in protein glycosylation and the packaging of secreted and integral membrane proteins into vesicles. The Golgi of filamentous fungi rarely (Fig. 10 A) . Bar05 mm (Fig. 10 BÁG) . (See 'movie08'at: www.fungalcell.org/aspergillus/). occur in the form of Golgi stacks as is characteristic of animal and plant cells, and are often referred to as Golgi equivalents. They can be distinguished from endoplasmic reticulum at the transmission electron microscope level by having thicker membranes and often forming fenestrated spheres [58] . Golgi labelled with GFP [34] exhibited a shallow tip-high gradient in germ tubes and vegetative hyphae (Fig. 12A,B) . High power images showed that some Golgi formed donutshaped structures 1Á2 mm in diameter (Fig. 12C ). Golgi were mobile within the hyphae, and often appeared to fuse together and break apart.
Conclusions
A revolutionary new perspective of the cell biology of fungal cells is arising as a result of using live-cell imaging techniques to analyse organelle and molecular dynamics at high spatial resolution [3] . Over the next few years we can expect a considerable increase in the use and further development of these techniques, and in the application of these techniques for studying the cell biology of Aspergillus and other filamentous fungi.
